Methamphetamine (MA)-dependent individuals exhibit deficits in cognition and prefrontal cortical function. Therefore, medications that improve cognition in these subjects may improve the success of therapy for their addiction, especially when cognitive behavioral therapies are used. Modafinil has been shown to improve cognitive performance in neuropsychiatric patients and healthy volunteers. We therefore conducted a randomized, double-blind, placebo-controlled, cross-over study, using functional magnetic resonance imaging, to examine the effects of modafinil on learning and neural activity related to cognitive function in abstinent, MA-dependent, and healthy control participants. Modafinil (200 mg) and placebo were administered orally (one single dose each), in counterbalanced fashion, 2 h before each of two testing sessions. Under placebo conditions, MA-dependent participants showed worse learning performance than control participants. Modafinil boosted learning in MA-dependent participants, bringing them to the same performance level as control subjects; the control group did not show changes in performance with modafinil. After controlling for performance differences, MAdependent participants showed a greater effect of modafinil on brain activation in bilateral insula/ventrolateral prefrontal cortex and anterior cingulate cortices than control participants. The findings suggest that modafinil improves learning in MA-dependent participants, possibly by enhancing neural function in regions important for learning and cognitive control. These results suggest that modafinil may be a suitable pharmacological adjunct for enhancing the efficiency of cognitive-based therapies for MA dependence. Neuropsychopharmacology (2011) 36, 950-959;
INTRODUCTION
Methamphetamine (MA) abuse and dependence are significant public health problems both in the United States (Gonzales et al, 2010) and worldwide (Pluddemann et al, 2010; Rawson and Condon, 2007 ; United Nations Office on Drugs and Crime, 2009; Wechsberg et al, 2010) . Behavioral treatments, such as cognitive behavioral therapy, are the principal therapeutic strategy used for MA dependence, but they have only achieved modest success (Lee and Rawson, 2008) . One reason for the limited efficacy of such therapeutic interventions may be the cognitive impairments associated with chronic MA abuse (eg, London et al, 2005; Monterosso et al, 2005; Salo et al, 2005; Scott et al, 2007; Simon et al, 2010) . These impairments may interfere with behavioral treatment, leading to poor treatment retention and outcome (Vocci, 2008) . To improve treatment outcomes, cognitive remediation strategies using pharmacotherapy have been proposed, and several psychotropic medications have been identified as potential candidates (Sofuoglu, 2010; Vocci, 2008) .
Modafinil (2-[(diphenylmethyl) sulfinyl] acetamide) is an analeptic drug, approved for the treatment of narcolepsy and used primarily to promote wakefulness (Wesensten et al, 2002) , but it has gained increasing popularity as a cognition-enhancing agent in patients and also in healthy individuals (Greely et al, 2008; Sahakian and Morein-Zamir, 2007; Stix, 2009) . It has been shown to improve cognitive performance in healthy research volunteers (Randall et al, 2005; Repantis et al, 2010; Turner et al, 2003) , with a larger effect in patients with neuropsychiatric disorders such as attention-deficit hyperactivity disorder and schizophrenia (Turner et al, 2004a, b) . Cognition-enhancing agents have been suggested as potential treatment medications for stimulant addiction (Sofuoglu, 2010) , and some success with such agents has been observed in the treatment of cocaine (Dackis et al, 2005) and MA dependence (Shearer et al, 2009 ), but few studies have examined the direct effects of these potential pharmacotherapies on behavioral and neural measures of cognition in stimulant-abusing subjects. Modafinil appears to be safe and well-tolerated by MAdependent subjects McGaugh et al, 2009) , and some evidence suggests that it enhances the retention of MA-dependent subjects in programs that involve contingency management and cognitive behavioral therapy (Heinzerling et al, 2010) , but little is known about the effects of modafinil on cognitive function in MA-dependent individuals (see Kalechstein et al (2010) for an example of working-memory enhancement in this sample).
The mechanism of action of modafinil is complex, involving multiple neurotransmitter systems (see Minzenberg and Carter (2008) for review). This action includes inhibition of catecholamine transporters (Madras et al, 2006; Volkow et al, 2009; Zolkowska et al, 2009) , thereby increasing extracellular dopamine and norepinephrine levels. Given the important role of dopamine for associative learning and reward processing (eg, Schultz et al, 1997) , and the abnormalities in dopamine markers observed in MA subjects Volkow et al, 2001a; Wilson et al, 1996) , modafinil may be particularly well-suited as an agent that promotes enhanced learning via improved dopaminergic function in MA-dependent subjects.
Moreover, MA-dependent subjects exhibit abnormal structure and function of the anterior cingulate cortex (ACC) Salo et al, 2009; Thompson et al, 2004) , a cortical structure that is associated with reward processing and has a major projection to dopamine-rich ventral striatal areas (Haber and Knutson, 2010) . In light of evidence that modafinil raises ACC activation from a hypoactive state in patient groups (eg, schizophrenia) commensurate with improving behavioral performance in some participants (Spence et al, 2005) , ACC appears to be a likely cortical target for the potential cognition-enhancing benefits of modafinil in MA-dependent subjects.
The goal of this project was to determine the effects of modafinil on learning and neural function in MA-dependent individuals, as compared with healthy adults who do not abuse MA. In a randomized, within-subject, placebocontrolled, double-blind crossover design, participants performed an associative learning task while undergoing functional magnetic resonance imaging (fMRI). The associative learning task was selected on the basis of prior work showing that it elicits fMRI activation in neural circuitry important for learning (Ghahremani et al, 2010) . Moreover, as preliminary findings indicated that performance on this task was worse in MA-dependent individuals than in healthy control subjects, and negatively correlated with dopamine D2/D3 receptor availability (Ghahremani et al, 2009) , we expected modafinil to improve performance in MA-dependent individuals, given evidence that it can enhance dopaminergic function (Madras et al, 2006; Volkow et al, 2009 ). Brain activation related to performing the task was assessed, testing for modafinil's effects and the potential interactions of this effect with the participant group. Drawing from prior findings, we hypothesized that modafinil would enhance learning performance and boost ACC activation, particularly in MA-dependent individuals.
RESEARCH PARTICIPANTS AND METHODS
All procedures were approved by the UCLA Office for the Protection of Research Subjects. Participants were recruited using radio, Internet, and newspaper advertisements. Two groups were recruited: MA-dependent participants (MA group) who were not seeking treatment, and healthy control participants (control group) who exhibited no evidence of a current drug abuse problem. Participants gave written informed consent after receiving a detailed explanation of the study. Then they underwent eligibility screening using questionnaires, the Structured Clinical Interview for DSM-IV (First et al, 1996) , and medical examination. Self-reports on prior drug use were obtained using a questionnaire regarding substance-abuse history (Table 2) . MA participants were required to meet the DSM-IV criteria for MA dependence, and to demonstrate recent MA use in a urine drug screen. Control participants were required to have no prior or current diagnosis of illicit drug abuse or dependence. Participants were excluded from the study for the following: current Axis I diagnosis (except MA dependence, nicotine dependence, marijuana abuse, or mood/anxiety disorder due to substance abuse in the MA group and nicotine dependence in both groups); use of psychotropic medications or substances, except some marijuana or alcohol (not meeting the DSM-IV criteria for dependence); central nervous system, cardiovascular, pulmonary, or systemic disease; HIV seropositivity, hepatic disease, or hematocrit o32; pregnancy; lack of fluency in English; and MRI ineligibility due to metal implants or claustrophobia. Subjects were asked whether they had visual problems. If they indicated difficulty with viewing at a close distance, corrective lenses were used to ensure adequate visual acuity when viewing the stimuli in the scanner.
MA participants who satisfied the eligibility requirements of the study were admitted to the UCLA General Clinical Research Center, and participated on a residential basis. Conditions for continued participation in the study included abstinence from MA and other illicit drugs of abuse, as verified by periodic drug screening: daily testing of urine in the first few days after admission to the inpatient unit until tests were negative, followed by testing every other day; screening was always done on days of MRI scanning before data collection. Control participants visited the laboratory only on test days, and were required to provide negative urine samples for illicit substances on days of testing. Participants received compensation in the form of cash, gift certificates, and vouchers.
Twenty-two MA-dependent and 28 healthy control adults participated in the study. Nine control and eight MA participants were excluded from analyses because of any of the following conditions that may have occurred during either of the two scanning sessions: behavioral performance on the learning task at the chance level, excessive head motion during scanning (42 mm translational displacement, 41.5 degrees rotation), scanner artifacts in functional images (as determined through inspection of MELODIC components, see below), a urine test positive for a drug of abuse (other than nicotine), and malfunctioning of behavioral response hardware. In total, data from 35 participants (16 MA, 19 control) were included in the study (Tables 1 and 2 ).
In a randomized double-blind placebo-controlled withinsubjects crossover design, participants received a single dose of modafinil (200 mg) or a matching placebo pill 2 h before each scanning session. The dosage was determined on the basis of prior studies showing significant effects on cognition in patients with ADHD and schizophrenia with a single dose of this magnitude (Turner et al, 2004a; Turner et al, 2004b) . The time between modafinil administration and testing was calculated on the basis of human pharmacokinetic data showing peak plasma levels at 2-4 h after a single dose (Robertson and Hellriegel, 2003) .
Participants were randomly assigned to receive either modafinil or placebo first; randomization was determined by pharmacists who were not members of the research team. Nine control subjects and nine MA subjects received modafinil in the first session and placebo in the second session. Both scanning sessions were conducted at the same time of day (B1000 hours for most subjects), and were separated by at least 2 days (mean ¼ 2.56, SD ¼ 0.89) to allow washout of residual modafinil between sessions.
Given the effects of modafinil on wakefulness (see Repantis et al (2010) for a review), we administered the Piper Fatigue Scale (Piper et al, 1998) before participants entered the scanner, to assess the effects of the medication on sleepiness, energy levels, and mood. Education and IQ levels were compared across the groups as a means of assessing general differences in cognitive abilities. IQ was measured using the Wechsler Test of Adult Reading (Wechsler, 2001 ).
Task and Design
During scanning, participants performed a deterministic associative learning task with reversal components, which required selection of the correct response between two possible responses associated with a picture of an abstract visual pattern (Ghahremani et al, 2010) (Figure 1a ). On each trial, participants were presented with a picture and were asked to decide whether it was associated with a left or right key response. The picture was presented for 1 s, during which participants made their response. After this period, feedback appeared in the form of a colored square frame around the stimulus for 1 s. A blue frame indicated a correct response, and a red frame indicated an incorrect response. If participants did not respond within the 1-s stimulus presentation period, the phrase 'no response recorded' appeared above the image. Participants received one point for a correct response and zero points for an incorrect response. A running total of points appeared beneath the stimulus during feedback presentation. Following presentation of feedback, a blank screen was displayed for a variable duration delay (inter-stimulus interval) of 0.5-16 s (sampled from an exponential distribution with a mean of 3 s) before the next trial. Participants were encouraged to respond as quickly and as accurately as possible, and were told that their goal should be to accrue as many points possible.
After six repeated stimulus presentations, the stimulusresponse contingencies were reversed for some of the stimuli, such that the previously correct response became incorrect, requiring participants to adapt their responding flexibly to the newly correct alternative response. These reversals were intended for examination of the effect of modafinil on cognitive flexibility. Participants were not explicitly informed about these response reversals.
To become familiarized with the task, participants performed the task outside the scanner in a behavioral testing session on a prior day. During each session in which the task was administered (familiarization session and the two sessions involving administration of a test compound), a different set of pictures (stimuli) was used, and the sets were counterbalanced across sessions.
Twenty-two abstract computer-generated images (ArtMatic Pro, U&I Software LLC) were used as stimuli in the task. Three separate sets of stimuli were used for each administration of the task. The presentation and timing of all stimuli and response events were programmed using Matlab (Mathworks, Natick, MA) and the Psychtoolbox (http://www.psychtoolbox.org) on an Apple PowerBook G4 running Mac OSX (Apple Computers, Cupertino, CA). Visual stimuli were presented using MRI-compatible goggles (Resonance Technologies, Van Nuys, CA).
Among the 22 stimuli presented in the task, 16 were repeated 12 times (6 acquisition and 6 reversal repetitions), and the remaining 6 were presented six times during the acquisition phase only. The six stimuli that were not presented in the reversal stage were intended to thwart participants' expectations that all stimuli reversed; they were excluded from analyses to ensure a balanced number of trials between acquisition and reversal. Trials were organized in 12 'miniblocks' such that four stimuli were presented in a random order six times within each miniblock. Performance accuracy was determined for each stimulus repetition separately, calculating the proportion of correct trials of 16 and converting these proportions to percentages.
The sequence of trials and inter-stimulus intervals were determined using an in-house algorithm that used a MonteCarlo method to optimize the GLM design matrix for maximal statistical efficiency. Miniblocks were presented sequentially. Trials within a miniblock were pseudorandomized such that no stimulus was repeated in succession. Each stimulus reversed only once and was phased out of the experiment once the assigned repetitions were completed. Participants were only required to keep four stimuli in mind at any given point of time.
Brain Imaging
Imaging was performed using a 3-T Siemens AG (Erlangen, Germany) Allegra MRI scanner. We acquired 240 functional T2*-weighted echoplanar images (EPI) (slice thickness, 4 mm; 34 slices; repetition time (TR), 2 s; echo time (TE), 30 ms; flip angle, 901; matrix, 64 Â 64; field of view (FOV), 200 mm). Two additional volumes were discarded at the beginning of each run to allow for T1 equilibrium effects. For registration purposes, a T2-weighted matchedbandwidth high-resolution anatomical scan (same slice prescription as EPI) and a magnetization-prepared rapidacquisition gradient echo (MPRAGE) high-resolution scan were acquired for each participant. The MPRAGE scan was conducted in a separate session on a Siemens Sonata 1.5-T scanner (slice thickness: 1 mm; 160 slices, TR, 1900 ms; TE, 4.38 ms; flip angle, 15; FOV, 256 mm). The orientation for matched-bandwidth and EPI scans was oblique axial so as to maximize full-brain coverage and to optimize the signals from ventral prefrontal regions.
Data Analysis
Behavioral data. The time courses of performance accuracy were determined by computing the proportion of correct trials for each stimulus repetition separately. The time courses of accuracy across trials (trajectories) were analyzed . The within-subject learning trajectories were significantly related to group membership, treatment condition, trial repetitions, and the period (initial/late) within acquisition and reversal learning phases (group Â med Â repetition Â period (F(1, 771) ¼ 6.92, P ¼ 0.009). The onset of the reversal stage in which stimulus-response contingencies changed is indicated by the arrow at the 7th stimulus repetition. MA-dependent group. using a general linear mixed model (see Figure 1b for the plot of model parameter estimates). The repeated measures structure of the data was accounted for by including a random factor for participants. The within-subject accuracy trajectories were modeled using three structural variables that described the learning phase (acquisition, reversal), and, within each phase, stimulus repetitions (1-6) and initial/late learningFdifferent slopes for the initial (repetitions 1, 2) and later learning phases (repetitions 3, 4, 5, 6).
The two experimental variables of interest were treatment (modafinil, placebo), included as a within-subject factor, and group (MA, control), modeled as a between-subject factor.
To account for effects potentially driven by differences in characteristics of the two groups, we included the demographic variables that differed significantly between groups at Po0.05 (ie, participants' education level and IQ) as timeinvariant covariates. All behavioral and demographic data were analyzed using Matlab (Mathworks, Natick, MA) and the R statistical package (http://www.r-project.org).
Imaging data. Analysis of fMRI data was performed using the FSL (4.1) toolbox from the Oxford Centre for fMRI of the Brain (http://www.fmrib.ox.ac.uk/fsl). The image time course for each participant was first realigned to compensate for small head movements (Jenkinson et al, 2002) , and all non-brain matter was removed using FSL's brain extraction tool. Images were denoised for motion-related artifacts using MELODIC-independent components analysis within FSL. Motion-related components were identified manually using a set of heuristics (Tohka et al, 2008) , and the data were then reconstructed after removing the motion-related components. Data were spatially smoothed using a 6-mm full-width-half-maximum Gaussian kernel. Registration was conducted by a three-step procedure, whereby EPI images were first registered to the matchedbandwidth high-resolution structural image, then to the MPRAGE structural image, and finally into standard Montreal Neurological Institute (MNI) space (MNI avg152 template), using 12-parameter affine transformations (Jenkinson and Smith, 2001) . Registration from MPRAGE structural images to standard space was further refined using FNIRT nonlinear registration (Andersson et al, 2007a, b) . Statistical analyses at the single-subject level were performed in native space, with the statistical maps normalized to standard space before higher-level analysis.
Whole-brain statistical analysis was performed using a multi-stage approach to implement a mixed-effects model treating participants as a random effects variable. Statistical modeling was first performed separately for each imaging run. Regressors of interest were created by convolving a delta function representing trial-onset times with a canonical (double-gamma) hemodynamic response function. All trials in which participants successfully responded were included in a single regressor. To control for differences in performance across sessions, we added a parametric modulation covariate (Buchel et al, 1998) in which the modulator was trial-by-trial performance accuracy. Correct trials were weighted with 1, and incorrect trials with -1; the covariate was demeaned for the regression model. Trials in which participants omitted a response were modeled as a single nuisance covariate, and motion parameters were included as covariates of no interest to account for variance associated with residual motion not captured by the MELODIC-denoising procedure. Only the initial regressor that included all trials was examined as the contrast of interest.
For all analyses, time-series statistical analysis was carried out using FILM (FMRIB's Improved Linear Model) with local autocorrelation correction (Woolrich et al, 2001) after high-pass temporal filtering (Gaussian-weighted LSF straight-line fitting, with sigma ¼ 33 s).
Contrast images for runs within each session were combined using fixed-effects analyses. To determine the effects of modafinil, pairwise, fixed-effects analyses comparing contrast images from the two test sessions were first conducted for each subject. These images were then submitted for group analyses using random-effects analyses.
For between-group analyses, the FMRIB Local Analysis of Mixed Effects (FLAME1) module in FSL was used (Beckmann et al, 2003; Woolrich et al, 2004) , and a twosample t-test was performed at each voxel for each contrast of interest. Z (Gaussianized T)-statistic images were thresholded using cluster-corrected statistics with a height threshold of Z41.96 (unless otherwise noted), and a cluster probability threshold of Po0.05, whole-brain corrected using the theory of Gaussian Random Fields (Worsley et al, 1992) . All group analyses were subjected to robust outlier deweighting (Woolrich, 2008) . Anatomical locations of activations were identified using the Harvard-Oxford Probabilistic Atlas, which is included in the FSL software package, and the sectional brain atlas of Duvernoy and Bourgouin (1999) .
RESULTS

Characteristics of Research Participants: Demographics and Drug Use
The demographics and drug-use data obtained for the two groups are presented in Tables 1 and 2 . The MA and control groups did not differ significantly on age, sex distribution, or ethnicity. They did, however, show a difference in level of education and IQ as measured with the Wechsler Test of Adult Reading (Wechsler, 2001) , with MA participants having completed fewer years and having lower IQ values, respectively. The groups did not differ significantly in marijuana use and the number of alcoholic drinks per day in the 30 days before testing. They also did not differ significantly in proportion of cigarette smokers, pack years (an indication of exposure to cigarette smoke), or reported number of cigarettes smoked per day.
Task Performance
Performance accuracy is shown in Figure 1b along with results from the mixed-effects linear regression model. Modafinil improved task performance in the MA group, but did not affect performance in the control group. The analyses indicated significance of the structural parameters that collectively described the learning trajectories (learning phase (F(1, 771) (F(1, 771) 
, showing that all of them were necessary to describe the within-subject trajectories.
The learning trajectories were significantly related to both experimental variables: group (MA, control) and treatment (modafinil, placebo). There was an overall significant effect of treatment on performance accuracy (F(1, 771) ¼ 5.97, P ¼ 0.015) and the learning trajectories (learning phase Â stimulus repetitions Â initial/late learning, F(1, 771) ¼ 22.73, P ¼ 2.22 Â 10 À6 ), indicating that the shape of the trajectory curve differed between the modafinil and placebo conditions. A significant group Â treatment interaction effect on stimulus repetitions Â initial/late learning (F(1, 771) ¼ 6.92, P ¼ 0.009) showed that the effect of modafinil on the rate of learning was different between groups, across both learning phases (acquisition/reversal). Specifically, modafinil led to a greater increase in the rate of learning in the MA group than in the control group.
To ensure that differences in education and IQ did not affect the results, we also evaluated whether these variables in the model would affect the model fit. Neither variables nor any of the interaction terms that included them contributed to the model (based on assessment of the Bayesian Information Criteria); therefore, we removed them from the model for better parsimony.
Modafinil reduced sensory aspects of fatigue, including sleepiness and energy levels. A repeated-measures ANOVA with group and treatment as factors showed a main effect of treatment on the sensory subscale of the Piper Fatigue Scale (F(1,33) ¼ 7.89, P ¼ 0.008; modafinil: mean ¼ 3.18, SD ¼ 1.76; placebo: mean ¼ 3.81, SD ¼ 2.19), with no significant effects of group or group by treatment interaction. As with the education variable, we included sensory aspects of fatigue as a covariate in our model of behavioral performance to determine whether behavioral performance was mediated by general arousal, but found that it did not affect the model fit.
fMRI Results
Task-related brain activation within groups. In the control group, comparison of all trials during the modafinil sessions vs the placebo sessions revealed a large cluster of activation in bilateral ventral occipito-temporal cortex, lateral occipital cortex, and superior parietal regions (Supplementary Figure S1A and Supplementary Table S2) , as well as a right lateralized activation in the pars triangularis region of the inferior frontal and middle frontal gyri. The MA group showed activations in the same regions as observed for the control group, and also in bilateral anterior insula, bilateral inferior frontal gyrus (including pars opercularis), orbitofrontal cortex, right middle temporal gyrus, hippocampus, and amygdala, caudate and midbrain (Supplementary Figure S1B and Supplementary Table  S2) . No regions showed greater activation in the placebo than in the modafinil condition in either group.
Comparisons within the modafinil condition between groups revealed greater activation in the MA group than in the control group in the anterior cingulate, left anterior insula/lateral orbitofrontal cortex, and the accumbens/ ventral striatal region (Supplementary Table S1 ). No significant differences were found between groups in the placebo condition.
Brain activation related to interaction of treatment and group. Given our observation of a group by treatment interaction in performance accuracy, we examined brain activation associated with this interaction. Brain regions that showed a greater effect of modafinil in the MA group than in the control group (contrast: MA (modafinilplacebo)4control (modafinil-placebo)) included the anterior cingulate, bilateral anterior and middle insula, bilateral inferior frontal gyrus, putamen, and right amygdala (Figure 2, Table 3 ). No regions showed a greater treatment effect for the control group than the MA groups (control (modafinil-placebo)4MA (modafinil-placebo)).
DISCUSSION
As expected from prior reports on cognitive performance in MA-dependent subjects, learning performance of the MA group was worse than that of the control group in the placebo condition. However, modafinil improved the performance of the MA group to levels equivalent to those of the control group. This improvement in performance of the MA group was commensurate with greater activation in the bilateral insula, inferior frontal gyrus, and ACC during task performance. These activations were not simply related to performance differences across sessions, as we controlled for correct/incorrect responses in our fMRI analyses.
The greater impact of modafinil on learning performance in the MA group than in healthy control subjects is consistent with previous observations that individuals who perform poorly on cognitive tasks, relative to those who perform well, show greater improvement after receiving modafinil (Finke et al, 2010 ; Kalechstein et al, 2010; Spence Figure 2 Task-related fMRI activity (all trials) corresponding to the interaction of treatment and group. The MA group showed a greater response to modafinil than did the control group in the anterior cingulate, bilateral anterior insula/ventrolateral prefrontal cortex, right inferior frontal gyrus, orbito-frontal cortex, and striatum (interaction: MA(modafinilplacebo)4control(modafinil-placebo), see Table 3 for the full list of regions). Image shows Z-statistic map thresholded at Zo1.96 (cluster corrected, Po0.05) overlaid on a group-averaged high-resolution anatomical image. MNI coordinates: coronal slice (left), 2005) . Indeed, in the present study, a post hoc analysis of low-and high-performing control participants (determined by a median split of performance accuracy during placebo conditions) showed a bigger effect of modafinil on performance for low-than for high-performing participants (difference in accuracy between modafinil and placebo conditions: low performers, 8% vs high performers, 0.7%; t(16) ¼ 2.68, P ¼ 0.02). Therefore, the lack of modafinil effect we observed in the control group as a whole was likely driven by the high performance of subjects who were already performing at near-ceiling levels with minimal room for improvement.
Our observation of greater activation of the ACC under modafinil than placebo conditions in the MA group has particular therapeutic relevance, as the ACC has been shown to be hypoactive in MA subjects (as compared with activity in control subjects) during tests of cognitive control (Salo et al, 2009 ) and vigilance . The boost in ACC activation observed with modafinil likely reflects greater engagement of cognitive processes important for learning, especially as ACC activation has been previously shown to correlate positively with learning performance on this task in control subjects (Ghahremani et al, 2010) .
Similar correlations have been observed in schizophrenic patients on modafinil between working-memory performance and ACC activation (Spence et al, 2005) . The fact that we did not observe a modafinil effect on ACC activation in control subjects, coinciding with a null behavioral effect of the treatment in this group, suggests that modafinil influenced an improvement in MA behavioral performance by facilitating activation in this region.
In addition to the ACC, the anterior insula/ventrolateral prefrontal cortex also showed greater bilateral activation during modafinil than placebo conditions in the MA group, a difference that was not found in the control group. As activation of the anterior insula and ventrolateral prefrontal cortex is commonly observed in studies of cognitive control (eg, Cools et al, 2002; Ghahremani et al, 2010) , and as MA subjects show neurocognitive deficits associated with this region Tabibnia et al, in press) , it is possible that the anterior insula/ventrolateral prefrontal activation is related to enhanced cognitive control associated with improved task performance.
The insula has been implicated in a range of psychological processes that have been characterized as involving interoceptive awareness (Craig, 2009) , with meta-analyses suggesting that it integrates multiple functions to provide a coherent world experience (Kurth et al, 2010) . Given its involvement in awareness of subjective states, along with reports of damage to this region reducing craving in cigarette smokers (Naqvi et al, 2007) and its activation associated with drug craving (Bonson et al, 2002; Brody et al, 2002; Filbey et al, 2009) , the insula has been highlighted as having an important role in substance abuse (Garavan, 2010; Naqvi and Bechara, 2009) . Although the specific mechanism by which the insula influences substance-abuse behavior is not yet clear, further empirical investigations are warranted to determine the therapeutic relevance of pharmacological manipulations of insula activation for improving treatment outcomes in MA dependence.
Despite evidence for modafinil operating on multiple neurochemical systems in the brain, including those involving serotonin, glutamate, gamma aminobutyric acid, hypocretin/orexin, and histamine, its effects on catecholamines have been proposed to primarily underlie cognitive enhancement (Minzenberg and Carter, 2008) . Modafinil has been shown to elevate extracellular levels of dopamine in humans by blocking the dopamine transporter (DAT) (Volkow et al, 2009) , and dopamine regulation in both the anterior cingulate and insular cortices by DAT has been demonstrated in humans (Ciliax et al, 1999) . Both the ACC and the dopamine-rich striatal areas to which it projects comprise major neural circuitry, which supports the associative learning ability examined in our study (Haber and Knutson, 2010) . Given that MA subjects show reduced striatal DAT availability related to poor learning and memory (McCann et al, 2008; Volkow et al, 2001b) , modafinil likely operates on the DAT in these regions, enhancing dopamine transmission to facilitate learning.
The reason for the mismatch between modafinil-induced increases in brain activation in control participants without improvement in performance is not clear. One explanation is that the activation was driven by participants with low performance who showed a behavioral enhancement with Abbreviation: MA, methamphetamine-dependent group. Z-statistics and X, Y, and Z MNI coordinates (mm) are from the location of peak voxel activation within each cluster. Z-statistic maps were whole-brain clustercorrected at Z ¼ 1.96, Po0.05. Interaction direction: MA (modafinilplacebo)4control (modafinil-placebo); no regions showed significant clusters in the opposite direction (control (modafinil-placebo)4MA (modafinil-placebo)).
modafinil. Unfortunately, separately analyzing fMRI data from low-and high-performing participants was not feasible because of the small sample sizes. However, discrepancies between behavioral performance and brain activation when examining modafinil are not unique to this study. A prior fMRI study in which modafinil (100 mg) was given daily for 7 days showed no effect of the medication on performance in a test of attentional control, but reduced ACC activation during task performance (Rasetti et al, 2010) , also showing a mismatch between behavioral and fMRI effects of modafinil. Moreover, it is important to note that the mixed results found for the cognition-enhancing effects of modafinil on behavior in healthy participants often depend on the particular behavioral task, measures employed, and dosing regimens (Repantis et al, 2010) . It is possible that the specific learning paradigm or the particular dosing procedure (single-dose of 200 mg) used in this study was not sensitive enough to capture measurable cognition-enhancing effects on performance (at least, in the participants with high performance), which may have been reflected in brain activation differences. Although we found improved learning performance with modafinil in the MA group in functional circuits important for learning, we cannot rule out the possibility that modafinil may have had a more general effect of increasing motivation and vigilance among participants, as has been shown previously in rodents (Young and Geyer, 2010) and humans (Baranski et al, 2004) .
Our study used a learning task to assess prefrontal function because of the importance of learning for engagement in behavioral therapies, and evidence that modafinil can enhance learning and memory (eg, Turner et al, 2003) . Further neuromaging studies of modafinil are required to examine its effects on the neural substrates underlying other important cognitive functions, such as response inhibition and decision making, that are often compromised in substance abuse.
With continued interest in modafinil as a potential pharmacotherapy for stimulant abuse (Karila et al, 2010) , our results indicate that improvements in cognitive function elicited by the medication may augment traditional behavioral therapies and increase their efficacy. Modafinil or other cognition-enhancing medications may therefore be useful adjuncts to behavioral treatments for stimulant dependence.
